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Description 

[MULTI-GATE DRAM WITH 
DEEP-TRENCH CAPACITOR AND 
FABRICATION THEREOF] 

Background of Invention 
[0001] Field of the Invention 

[0002] The present invention relates to a semiconductor device 
and fabrication thereof. More particularly, the present in- 
vention relates to a multi-gate DRAM (Dynamic Random 
Access Memory) cell with a deep-trench capacitor, a 
DRAM array based on the multi-gate DRAM cell, and a 
DRAM process for forming the same. 

[0003] Description of the Related Art 

[0004] | n recent generations of semiconductor industry, DRAM 
devices are frequently fabricated with deep-trench (DT) 
capacitors having large capacitance for higher perfor- 
mance. FIG. 1 illustrates a conventional DRAM cell in a 
cross-sectional view. The conventional DRAM cell includes 



a substrate 100 having a deep trench 102 therein, a ca- 
pacitor 110 in the deep trench 102, and a lateral transis- 
tor 120, wherein the capacitor includes an outer plate 
104, a dielectric layer 106 and an inner electrode 108 in 
the deep trench 102. The source 122b of the transistor 
120 is electrically connected with the inner electrode 108 
via a buried strap 130 formed in the substrate 100, and 
the drain 122a is connected with a bit line contact 140 
that is connected with a bit line (not shown). 

[0005] As the linewidth of DRAM process is reduced for raising 
the integration degree, the short channel effect of a tran- 
sistor 120 becomes serious. Though the short channel ef- 
fect can be reduced by increasing the doping concentra- 
tion in the substrate, the increased doping concentration 
adversely leads to more junction diode leakage from the 
source/drain 122b/a. Accordingly, there is a trade-off be- 
tween the short channel effect and the junction diode 
leakage of the lateral transistor 120. 

[0006] Another type of DRAM cell with a deep trench capacitor in 
the prior art is proposed by C. J. Radens, et al . (IEDM 
Tech. Dig., p. 349, 2000), which is illustrated in FIG. 2. 
The DRAM cell includes a vertical transistor, wherein the 
gate 210 is formed on the sidewall of the deep trench 202 



in the substrate 200 defining a vertical channel, and the 
source 220 is also a buried strap electrically connecting 
with the inner electrode 230 of the capacitor. The gate 
210 is connected with a word line 240, and the drain 250 
is electrically connected to a bit-line contact 260. Though 
the channel length of such a transistor is not restricted by 
the feature size, some electrical properties of the transis- 
tor still depend on the cell dimension. Specifically, the off 
current and the retention time are still issues in the DRAM 

process. 
Summary of Invention 

[0007] | n V j ew 0 f the foregoing, this invention provides a DRAM 
cell including a multi-gate transistor and a deep-trench 
capacitor, wherein the multi-gate design allows the tran- 
sistor to have better performance. 

[0008] Another object of this invention is to provide a DRAM ar- 
ray that is based on the DRAM cell of this invention. 

[0009] still another object of this invention is to provide a DRAM 
process for fabricating the DRAM device of this invention. 

[0010] The DRAM cell of this invention includes a deep trench ca- 
pacitor and a vertical transistor. The vertical transistor in- 
cludes a semiconductor pillar beside the deep trench ca- 
pacitor not overlapping with the latter, a multi-gate at 



least on three sidewalls of the pillar, a gate dielectric layer 
between the multi-gate and the pillar, a first source/drain 
region in the top portion of the pillar, and a second 
source/drain region in a lower portion of the pillar apart 
from the first source/drain region. The second source/ 
drain region is coupled with the deep trench capacitor, 
and may be a buried strap electrically connected with the 
inner electrode of the deep-trench capacitor. 

[0011] | n embodiments of this invention, the multi-gate can be a 
treble gate on three sidewalls of the pillar that may further 
cover a portion of the top surface of the pillar, or a sur- 
rounding gate that surrounds the sidewalls of the pillar. In 
addition, the multi-gate may be a part of a word line for 
controlling the transistor. 

[0012] The DRAM array of this invention is based on the afore- 
mentioned DRAM cell of this invention. The DRAM array 
includes rows and columns of deep-trench capacitors, 
aforementioned vertical transistors of this invention, word 
lines and bit lines. Each transistor is disposed adjacent to 
at least one deep trench capacitor along the column di- 
rection. Each word line is coupled with the multi-gates of 
the transistors in one row, and each bit line is coupled 
with the first source/drain regions of the transistors in 



one column. 

[0013] when the multi-gates in the DRAM array of this invention 
are treble gates, a pair of adjacent transistors in one col- 
umn preferably share a pillar and a first source/drain re- 
gion in the pillar. In such embodiments, two deep-trench 
capacitors corresponding to the pair of adjacent transis- 
tors are disposed at two opposite sides of the pillar along 
the column direction. On the other hand, when the multi- 
gates are surrounding gates, each transistor has its own 
pillar surrounded by its gate, while each pillar may be dis- 
posed on the same side of the corresponding deep-trench 
capacitor along the column direction. 

[0014] The DRAM process of this invention includes the following 
step at least. A deep trench capacitor is formed in a semi- 
conductor substrate. An active area is defined over the 
substrate to form a semiconductor pillar beside the deep 
trench capacitor and to form an isolation area. A buried 
strap is formed in the substrate coupling with the deep 
trench capacitor. Then, a gate dielectric layer is formed on 
the pillar, and a word line including a multi-gate is 
formed over the substrate, wherein the multi-gate is at 
least on three sidewalls of the pillar. A source/drain re- 
gion is formed in the top portion of the pillar, and a bit 



line is formed electrically connecting with the source/ 
drain region. The pillar, the buried strap, the gate dielec- 
tric layer, the multi-gate and the source/drain region to- 
gether constitute a vertical transistor. 

[0015] | n the DRAM process of this invention, when the multi- 
gate is to be formed as a treble gate further covering a 
portion of the top surface of the pillar, the word line is 
preferably formed with a deposition-patterning method. 
In such cases, a bit-line contact is further formed to elec- 
trically connect the source/drain region to the bit line. 
When the multi-gate is to be formed as a treble gate 
merely on three sidewalls of the pillar or a surrounding 
gate, the word line is preferably formed with a damascene 
method. In such cases, the bit line can be formed directly 
contacting with the source/drain region. 

[0016] since the multi-gate of the DRAM cell of this invention is 
formed on the sidewalls of the pillar, the channel length is 
independent of the ground rule, and can be increased as 
required to lower the off current. Meanwhile, the cell size 
can be easily reduced. Moreover, since the multi-gate is 
formed on more than one sidewalls of the pillar, the ef- 
fective channel width of the transistor is increased to pro- 
vide larger driving current and better current switching 



capability. 

[0017] Moreover, when the multi-gate is a surrounding gate, the 
pillar surrounded by the gate can be formed sufficiently 
thin for inducing full depletion therein in use of the DRAM 
device. In such cases, the current switching capability can 
be further improved, and the junction diode leakage can 
also be eliminated. 

[0018] it is to be understood that both the foregoing general de- 
scription and the following detailed description are exem- 
plary, and are intended to provide further explanation of 

the invention as claimed. 
Brief Description of Drawings 

[0019] jhe accompanying drawings are included to provide a 

further understanding of the invention, and are incorpo- 
rated in and constitute a part of this specification. The 
drawings illustrate embodiments of the invention and, to- 
gether with the description, serve to explain the principles 
of the invention. 

[0020] FIG. 1 illustrates a conventional DRAM cell having a lateral 
transistor and a deep-trench capacitor in a cross-sec- 
tional view. 

[0021] FIG. 2 illustrates another conventional DRAM cell with a 
deep-trench capacitor in a cross-sectional view. 



[0022] piGs. 3-5 respectively illustrate three embodiments of the 
DRAM cell of this invention in a perspective view, wherein 
the deep-trench capacitor is represented by the contact 
portion of its inner electrode for simplifying the figures. 

[0023] piGs. 6-8 respectively illustrate three embodiments of the 
DRAM array of this invention in a top view, wherein the 
DRAM array in FIG. 6/7/8 is based on the DRAM cell illus- 
trated in FIG. 3/4/5. 

[0024] FIGs. 9-17 illustrate a process flow of fabricating a DRAM 
device with deep-trench capacitors according to a first 
embodiment of this invention, wherein sub-figures (b) are 
illustrated in a simplified top view and sub-figures (a) in a 
cross-sectional view along line IX-IX 1 . 

[0025] FIGs. 18-21 illustrate a process flow of fabricating a 

DRAM device with deep-trench capacitors according to a 
second embodiment of this invention, wherein sub- 
figures (b) are illustrated in a simplified top view and sub- 
figures (a) in a cross-sectional view along line IX-IX'. FIG. 
18 follows FIG. 12 that is referred to in the description of 
the first embodiment. 

[0026] FIGs. 22-27 illustrate a process flow of fabricating a 

DRAM device with deep-trench capacitors according to a 
third embodiment of this invention, wherein sub-figures 



(b) are illustrated in a simplified top view and sub-figures 

(a) in a cross-sectional view along line 11-11". 
Detailed Description 

[0027] Some embodiments of this invention are described below 
referring to the drawings, including embodiments of the 
DRAM cell, the DRAM array and the DRAM process accord- 
ing to this invention. 

[0028] <DRAMCell> 

[0029] FIGs. 3-5 respectively illustrate three embodiments of the 
DRAM cell of this invention in a perspective view, wherein 
the deep-trench capacitor is represented by the contact 
portion (340, 440 or 540) of its inner electrode for simpli- 
fying the figures. 

[0030] First Embodiment 

[0031] Referring to FIG. 3, the DRAM cell according to the first 
embodiment includes a deep-trench capacitor 340 and a 
transistor constituted of a semiconductor pillar 300, a 
multi-gate 310, a gate dielectric layer 318, a first source/ 
drain region 320 and a second source/drain region 330. 
The semiconductor pillar 300 is disposed beside the 
deep-trench capacitor 340, and does not overlap with the 
deep-trench capacitor 340. The pillar 300 may be a sin- 



gle-crystal silicon pillar defined from a single-crystal sili- 
con substrate, or a pillar made from other semiconductor 
material. 

[0032] The multi-gate 310 may be a treble gate constituted of a 
first gate 312, a second gate 314 and a third gate 316 re- 
spectively on three sidewalls of the pillar 300, wherein the 
first sidewall faces the deep-trench capacitor 340 and the 
other two sidewalls are adjacent to the first sidewall. The 
multi-gate 3 10 may further cover a portion of the top 
surface of the pillar 300, and may be a part of a word line 
350. The material of the multi-gate 310/word line 350 
may be polycide, i.e., the multi-gate 310/word line 350 
may include an N-doped polysilicon layer on the three 
sidewalls and the top of the pillar 300 and a metal silicide 
layer on the polysilicon layer. Alternatively, the multi-gate 
310/word line 350 may include a metal layer, such as 
tungsten, replacing the metal silicide layer to reduce re- 
sistance. 

[0033] Referring to FIG. 3 again, the gate dielectric layer 318 is 
formed between the pillar 300 and the treble gate 310. 
The material of the gate dielectric layer is, for example, 
silicon oxide that is formed with thermal oxidation or 
other suitable dielectrics with higher dielectric constant. 



The first source/drain region 320 is in the top portion of 
the pillar 300 for coupling with a bit line (not shown). The 
second source/drain 330 is located in a lower portion of 
the pillar 300 apart from the first source/drain region 
320, and is coupled to the deep-trench capacitor 340. 
The second source/drain region 330 may be directly a 
buried strap electrically connecting with the contact por- 
tion 340 of the inner electrode of the deep-trench capaci- 
tor, as shown in the figure, and can be formed through 
out-diffusion of dopants from the contact portion 340. 
[0034] Second Embodiment 

[0035] Referring to FIG. 4, the DRAM cell according to the second 
embodiment includes a deep-trench capacitor 440 and a 
transistor constituted of a semiconductor pillar 400, a 
multi-gate 410, a gate dielectric layer 418, a first source/ 
drain region 420 and a second source/drain region 430. 
The semiconductor pillar 400 is disposed beside the 
deep-trench capacitor 440, and does not overlap with the 
deep-trench capacitor 440. 

[0036] The multi-gate 410 may be a treble gate constituted of a 
first gate 412, a second gate 414 and a third gate 416 re- 
spectively on three sidewalls of the pillar 400, wherein the 
first sidewall faces the deep-trench capacitor 440 and the 



other two sidewalls are adjacent to the first sidewalk The 
multi-gate 410 is formed merely on the three sidewalls 
not covering a portion of the top surface of the pillar 400, 
and may be a part of a word line 450. Moreover, the top 
surface of the treble gate 410/word line 450 may be lower 
than that of the pillar 400, so that a bit line (not shown) 
can be formed directly contacting with the first source/ 
drain region 420 after an insulting layer is formed on the 
word line 450 for insulating the word line 450 from the bit 
line formed latter. In addition, the material of the multi- 
gate 410/word line 450 includes, for example, N-doped 
polysilicon. 

[0037] Referring to FIG. 4 again, the gate dielectric layer 418 is 
disposed between the pillar 400 and the treble gate 410. 
The first source/drain region 420 is in the top portion of 
the pillar 400 for coupling with a bit line (not shown), and 
may take the whole area of the top portion of the pillar 
400. The second source/drain 430 is located in a lower 
portion of the pillar 400 apart from the first source/drain 
region 420, and is coupled to the deep-trench capacitor 
440. The second source/drain region 430 may be directly 
a buried strap electrically connecting with the contact 
portion 440 of the inner electrode of the deep-trench ca- 



pacitor, as shown in the figure, and can be formed 
through out-diffusion of dopants from the contact portion 
440. 

[0038] Third Embodiment 

[0039] Referring to FIG. 5, the DRAM cell according to the third 
embodiment includes a deep-trench capacitor 540 and a 
vertical transistor constituted of a semiconductor pillar 
500, a multi-gate 510, a gate dielectric layer 518, a first 
source/drain region 520 and a second source/drain re- 
gion 530. The semiconductor pillar 500 is disposed be- 
side the deep-trench capacitor 540, and does not overlap 
with the deep-trench capacitor 540. The multi-gate 510 
may be a surrounding gate surrounding the sidewalls of 
the pillar 500, and the pillar 500 can have a sufficiently 
small width, preferably smaller than the feature size, such 
as 200-600A, so that full depletion can be induced in the 
channel region in use of the DRAM device to significantly 
improving the performance of the device. The multi-gate 
510 may be a part of a word line 550. Moreover, the top 
surface of the multi-gate 510/word line 550 may be lower 
than that of the pillar 500, so that a bit line (not shown) 
can be formed directly contacting with the first source/ 
drain region 520 after an insulting layer is formed on the 



word line 550 for insulating the word line 550 from the bit 
line formed latter. In addition, the material of the sur- 
rounding gate 510/word line 550 includes, for exam- 
ple, N-doped polysilicon. 
[0040] Referring to FIG. 5 again, the gate dielectric layer 518 is 

disposed between the pillar 500 and the surrounding gate 
510. The first source/drain region 520 is in the top por- 
tion of the pillar 400 for coupling with a bit line (not 
shown), and takes the whole area of the top portion of the 
pillar 400. The second source/drain 530 is located in a 
lower portion of the pillar 500 apart from the first source/ 
drain region 520, and is coupled to the deep-trench ca- 
pacitor 540. The second source/drain region 530 may be 
directly a buried strap electrically connecting with the 
contact portion 540 of the inner electrode of the deep- 
trench capacitor, as shown in the figure, and can be 
formed through out-diffusion of dopants from the contact 
portion 540. 

[0041] since the multi-gate of the DRAM cell according to the 
first, second or third embodiment of this invention is 
formed on the sidewalls of the pillar, the channel length is 
independent of the ground rule, and can be increased as 
required to lower the off current. Meanwhile, the cell size 



can be easily reduced. Moreover, since the multi-gate is 
formed on more than one sidewalls of the pillar, the ef- 
fective channel width is increased to provide larger driving 
current and better current switching capability. 

[0042] Moreover, when the multi-gate is a surrounding gate as in 
the third embodiment of this invention, the pillar sur- 
rounded by the gate can be formed with a sufficiently 
small width for inducing full depletion therein in use of 
the DRAM device. In such cases, the current switching ca- 
pability can be further improved, and the junction diode 
leakage can also be eliminated. 

[0043] <DRAMArray> 

[0044] piGs. 6-8 respectively illustrate three embodiments of the 
DRAM array of this invention in a top view, wherein the 
DRAM array in FIG. 6/7/8 is based on the DRAM cell illus- 
trated in FIG. 3/4/5. 

[0045] First Embodiment 

[0046] Referring to FIG. 6, the DRAM array according to the first 
embodiment is formed on a semiconductor substrate 600, 
including rows and columns of deep-trench capacitors 
610 formed in the substrate 600. The active area mask 
620 of each transistor 650 is defined overlapping with the 



corresponding deep-trench capacitor 610, so that a semi- 
conductor pillar 625 as an active area is formed smaller 
than the active area mask 620. Each pillar 625 has a 
source/drain region 628 therein. 

[0047] jo reduce the area of each memory cell, it is preferable to 
have a pair of adjacent transistors 650 in one column 
share a pillar 625 and a source/drain region 628 in the 
pillar 625. In such a case, the two deep-trench capacitors 
610 corresponding to the pair of transistors 650 are lo- 
cated on two opposite sides of the pillar 625 along the 
column direction. Each word line 630 is disposed along 
edge portions of the pillars 625 in one row covering a 
portion of the top surface of each pillar 625, so that a tre- 
ble gate as mentioned above is formed on three sidewalls 
and the top of each pillar 625. Each bit line 640 is electri- 
cally connected to the source/drain regions 628 in the 
pillars 625 in one column. 

[0048] Moreover, as shown in FIG. 6, the minimal width of a unit 
cell 650 is 2F, wherein F is the feature size. The minimal 
length of a unit cell is the sum of one half of the trench- 
to-trench distance (0.5F), the length of a trench (1.0F), the 
width "w" of the gate-pillar overlap (w<1.0F) and one half 
of the length of a source/drain region 628 shared by two 



cells (0.5F). Therefore, the minimal length of a unit cell is 

2 

less than 3. OF, and DRAM array is a sub-6F memory ar- 
ray to the limit of the lithographic resolution. 
[0049] second Embodiment 

[0050] Referring to FIG. 7, the DRAM array according to the sec- 
ond embodiment is similar to that according to the first 
embodiment (FIG. 6). That is, the arrangement of the 
deep-trench capacitors 710 in the substrate 700, the ac- 
tive area masks 720, the pillars 725 as active areas, the 
source/drain regions 728, the word lines 730 and the bit 
lines 740 are similar to that in the first embodiment. 
However, each word line 730 disposed along edge por- 
tions of the pillars 725 in one row does not cover a por- 
tion of the top surface of each pillar 725 in the row in this 
embodiment. Therefore, a treble gate is formed merely on 
three sidewalls of each pillar 725, as shown in FIG. 4. In 
addition, by comparing FIG. 6 and FIG. 7, it is clear that 
the DRAM array according to this embodiment can also be 

2 

a sub-6F memory array to the limit of the lithographic 
resolution. 
[0051] Third Embodiment 

[0052] Referring to FIG. 8, the DRAM array according to the third 



embodiment is formed on a semiconductor substrate 800, 
including rows and columns of deep-trench capacitors 
810 formed in the substrate 800. Each semiconductor pil- 
lar 825, with a width smaller than the feature size, as an 
active area is formed by overlapping the corresponding 
active area mask 820with the corresponding deep-trench 
capacitor 810. Each pillar 825 is disposed adjacent to only 
one deep-trench capacitor 810, and has a source/drain 
region 828 therein. 
[0053] jo reduce the area of each memory cell, it is preferable to 
have each pillar 825 be disposed on the same side of the 
corresponding deep-trench capacitor 810 along the col- 
umn direction. Each word line 830 is disposed surround- 
ing each of the pillars 825 in one row, so that a surround- 
ing gate as shown in FIG. 5 is formed surrounding each 
pillar 825. Each bit line 840 is electrically connected to the 
source/drain regions 828 in the pillars 825 in one col- 
umn. 

[0054] Particularly, the active area 825 of each transistor 850 

may be defined by much overlapping the active area mask 
820with the corresponding deep-trench capacitor 810 
with a small shift "AS" relative to the capacitor 810, so 
that the pillar 825 can be formed sufficiently thin to in- 



duce full depletion therein in use of the DRAM device. The 
width of each pillar 825 may be reduced to 200-600Afor 
inducing full depletion effect. Moreover, as shown in FIG. 
8, the minimal length and the minimal width of each unit 
cell 850 both can be 2. OF, so that the DRAM array can be 

2 

a 4F memory array to the limit of the lithographic resolu- 
tion. 

[0055] <DRAM Process> 
[0056] First Embodiment 

[0057] piGs. 9-17 illustrate a process flow of fabricating a DRAM 
device with deep-trench capacitors according to the first 
embodiment of this invention, wherein sub-figures (b) are 
illustrated in a simplified top view and sub-figures (a) in a 
cross-sectional view along line IX-IX'. 

[0058] Referring to FIG. 9(a)/(b), multiple trenches 906 are 

formed in a semiconductor substrate 900 using a mask 
layer 904 as a mask, wherein the mask layer 904 may be a 
nitride layer formed on a pad oxide layer 902. A capacitor 
910 including an inner electrode 912, a dielectric layer 
914 and an outer plate 916 is then formed in each trench 
906, wherein the inner electrode 912 is connected with a 
contact portion 918 for coupling with the transistor 



formed latter. The method for fabricating the deep-trench 
capacitors 910 in the trenches 906 can be any one well 
known in the art, such as, the method disclosed in U.S. 
Patent No. 5,360,758 to Bronner et al. The inner electrode 
912 and the contact portion 918 both can be made from 
N-doped polysilicon, and the outer electrode 916 is a 
doped region in the substrate 900 around the lower por- 
tion of the trench 906. 

[0059] Referring to FIG. 10(a)/(b), a sacrificial layer 920, such as, 
an organic anti-reflective coating layer or a dielectric layer 
like silicon oxide or doped silicon oxide, is formed over 
the substrate 900 filling up the trenches 906. A patterned 
photoresist layer 922 for defining active areas 930 is then 
formed on the sacrificial layer 920, wherein each photore- 
sist pattern 922 overlaps with the corresponding trench 
906. The sacrificial layer 920 and the substrate 900 are 
then patterned using the patterned photoresist layer 922 
as a mask, as indicated by the dashed lines. 

[0060] Alternatively referring to FIG. ll(a)/(b), in case the sacrifi- 
cial layer 920 is a dielectric layer, the sacrificial layer 920 
may be firstly patterned as a hard mask layer 920a using 
the patterned photoresist layer 922 as a mask layer, and 
then the substrate 900 is patterned using the hard mask 



layer 920a as a mask layer to form a trench 928 of the STI 
structure formed latter as well as semiconductor pillars 
930 that are separated by the trench 928. Since the pho- 
toresist pattern 922 overlaps with the adjacent deep 
trench 906, the corresponding pillar 930 as an active area 
is smaller than the photoresist pattern 922. A portion of 
each contact portion 918 is also removed in this step. 

[0061] Referring to FIG. 12(a)/(b), the sacrificial layer 920 is re- 
moved to form a trench 929, and then an insulating mate- 
rial like silicon oxide is filled into the trench 929 and pla- 
narized to form a shallow trench isolation (STI) layer 932. 
Alternatively, when the hard mask layer 920a is also com- 
posed of another suitable insulating material, the insulat- 
ing material can be directly filled into the trench 928 (FIG. 
11) defined by the hard mask layer 920a. Then, the hard 
mask layer 920a and the insulating material outside the 
trench 929 are removed. Meanwhile, during the thermal 
process for forming the STI layer 932, the dopants in the 
contact portion 918 of the deep trench capacitor out- 
diffuse into the substrate 900 around the trench 906 to 
form a buried strap 919. 

[0062] Referring to FIG. 13(a)/(b), the STI layer 932 is then re- 
cessed to a predetermined depth approximately the same 



level as the buried strap 919 to expose sidewalls of each 
pillar 930 and form a trench 929a. 

[0063] Referring to FIG. 14, the mask layer 904 and the pad ox- 
ide layer 902 are removed. Then, a gate dielectric layer 
938 is formed on the exposed portion of each pillar 930 
with, for example, thermal oxidation. 

[0064] Referring to FIG. 15(a)/(b), a doped polysilicon layer 940 
filling up the trench 929a, a metal comprising layer 942 
(metal silicide or metal) and a capping layer 944 are se- 
quentially formed over the substrate 900, wherein the 
capping layer 944 may be composed of SiN or SiON. A 
patterned mask layer 946 for defining word lines is then 
formed on the capping layer 944. A portion of the doped 
polysilicon layer 940 is on three sidewalls and a part of 
the top surface of a pillar 930, while a mask pattern 946 
for defining the corresponding word line runs over the 
portion of the doped polysilicon layer 940. 

[0065] Referring to FIGs. 15 and 16, the capping layer 944, the 
metal comprising layer 942 and the doped polysilicon 
layer 940 are sequentially patterned using the mask layer 
946 as a mask, wherein the patterned metal comprising 
layer 942a and the patterned doped polysilicon layer 940a 
together constitute word lines 948. According to the pat- 



terns of the mask layer 946 described above, each word 
line 948 includes a portion of the polysilicon layer 940a 
on three sidewalls and a part of the top surface of the 
corresponding pillar 930. Thereby, a treble gate 954 is 
formed including a first gate 954a on a first sidewall of 
the pillar 930 facing the trench 906 and a second gate 
954b and a third gate 954c on the other two sidewalls ad- 
jacent to the first sidewall. 

[0066] Thereafter, spacers 952, which may be composed of SiN 
or SiON, are formed on the sidewalls of the capping layers 
944a and the word lines 948, and a source/drain region 
950 is formed in the top portion of each pillar 930 using 
the corresponding word line 948 as a mask. A buried 
strap 919, a pillar 930, a gate dielectric layer 938, a treble 
gate 954 and a source/drain region 950 together consti- 
tute a multi-gate transistor. 

[0067] Referring to FIG. 17, an insulating layer 956, such as, a 
silicon oxide layer, is formed over the substrate 900 cov- 
ering the word lines 948. Bit-line contacts 958 are then 
formed through the insulating layer 956 contacting with 
the source/drain regions 950, and a bit line 960 is formed 
on the insulating layer 956 contacting with the bit-line 
contacts 958. Since each word line 948 is protected by the 



capping layer 944a thereon and the spacers 952 on the 
sidewalls thereof, the bit-line contacts 958 can be formed 
as self-aligned contacts (SAC). 
[0068] Second Embodiment 

[0069] FIGs. 18-21 illustrate a process flow of fabricating a 

DRAM device with deep-trench capacitors according to 
the second embodiment of this invention, wherein sub- 
figures (b) are illustrated in a simplified top view and sub- 
figures (a) in a cross-sectional view along line IX-IX'. In 
addition, FIG. 18 follows FIG. 12 that is referred to in the 
description of the first embodiment. 

[0070] Referring to FIG. 18, a patterned mask layer 1810 is 

formed over the substrate 900, over which a STI layer 932 
has been formed. The mask layer 1810 has parallel 
trenches 1812 therein, wherein each trench 1812 exposes 
a portion of the corresponding pillar 930 and defines the 
location of a word line formed latter. Thereafter, the STI 
layer 932 is patterned using the mask layer 1810 as a 
mask to form trenches 1814 in the STI layer 932. Each 
trench 1814 exposes the first sidewall of the correspond- 
ing pillar 930 facing a deep trench 906 above a predeter- 
mined level and a portion of the second and third side- 
walls of the same pillar 930 adjacent to the first sidewall 



above the predetermined depth approximately the same 
level as the buried strap 919. 

[0071] Referring to FIG. 19, the mask layer 1810 is removed, and 
a gate oxide layer 1816 is formed on exposed portions of 
each pillar 930. Then, word lines 1820 are formed in the 
trenches 1814, wherein the top surface of each word line 
1820 is lower than that of the substrate 900. The word 
lines 1820 may be formed by depositing a conductive ma- 
terial, such as, N-doped polysilicon, over the substrate 
900 to fill up the trenches 1814 and then etching back the 
conductive material to the predetermined level. 

[0072] since a portion of three sidewalls of each pillar 930 is ex- 
posed by the corresponding trench 1814, the word line 
1820 filled into the trench 1814 forms a treble gate. The 
treble gate includes a first gate 1820a on a first sidewall 
of the pillar 930 facing the trench 906 and a second gate 
1820b and a third gate 1820c on the two sidewalls adja- 
cent to the first sidewall. Thereafter, an insulating mate- 
rial 1824 is filled into the trenches 1814. 

[0073] Referring to FIG. 20, the nitride mask layer 904 and the 
pad oxide layer 902 are removed, and the insulating ma- 
terial 1824 and the STI layer 932 higher than the top of 
the substrate 900 are also removed. Ion implantation 



1826 is then performed to form a source/drain region 
1830 in the whole top portion of each pillar 930, thereby 
forming a multi-gate transistor constituted of a buried 
strap 919, a pillar 930, a gate dielectric layer 1816, a tre- 
ble gate 1820a/b/c and a source/drain region 1830. 

[0074] Referring to FIG. 21, a bit line 1840 is then formed over 
the substrate 900 directly contacting with the source/ 
drain regions 1830 in the same row, while the insulating 
material 1824 serves to insulate the bit line 1840 from the 
word lines 1820. 

[0075] Third Embodiment 

[0076] FIGs. 22-27 illustrate a process flow of fabricating a 

DRAM device with deep-trench capacitors according to 
the third embodiment of this invention, wherein sub- 
figures (b) are illustrated in a simplified top view and sub- 
figures (a) in a cross-sectional view along line 11-11'. 

[0077] Referring to FIG. 22, a semiconductor substrate 2200 is 

provided, and deep trenches 2206 are formed therein us- 
ing a patterned mask layer 2204 as a mask, wherein the 
mask layer may be a nitride layer on a pad oxide layer 
2202. A deep trench capacitor, which is represented by its 
contact portion 2208 in the figure, is formed in each deep 
trench 2206. Then, a sacrificial layer 2214, such as, a sili- 



con oxide layer, is formed over the substrate 2200 filling 
up the deep trenches 2206. A patterned photoresist layer 
2216 for defining active areas is then formed on the sac- 
rificial layer 2214. Each photoresist pattern 2216 for 
defining an active area corresponds to one deep trench 
2206 and much overlaps with the deep trench 2206 with a 
position shift "AS"from the deep trench 2206. 
[0078] Referring to FIG. 23, the sacrificial layer 2214 is patterned 
using the patterned photoresist layer 2216 (FIG. 22) as a 
mask layer, and then the substrate 2200 is patterned us- 
ing the sacrificial layer 2214 as a mask layer to form 
trenches 2222 and pillars 2220. Since a photoresist pat- 
tern 2216 much overlaps with the corresponding deep 
trench 2206, the pillar 2220 is quite thin and has a width 
relative to AS. The width of the pillar 2220 is preferably 
smaller than the feature size, and more preferably suffi- 
ciently small, approximately in the range of 200-600A, for 
inducing full depletion in the pillar 2220 in use of the 
DRAM device. 

[0079] Referring to FIG. 24, when the sacrificial layer 2214 is 

composed of a suitable insulating material, such as silicon 
oxide, an insulating material 2224 can be filled into the 
trenches 2222 to constitute a STI layer 2230 together with 



the sacrificial layer 2214, and then the sacrificial layer 
2214 and the insulating material 2224 higher than the 
mask layer 2204 are removed. Alternatively, the STI layer 
2230 can be formed by removing the sacrificial layer 2214 
and then filling the resulting trenches with an insulating 
material. Meanwhile, a buried strap 2210 is formed in the 
substrate 2200 around each contact portion 2208 through 
out-diffusion of dopants from the contact portion 2208. 
[0080] Referring to FIG. 25, a patterned mask layer 2232 is 

formed over the substrate 2200, having linear trenches 

2234 therein defining the locations of linear trenches 

2235 in the STI layer 2230 for forming word lines. In the 
structure, the whole area of each pillar 2220 is completely 
within the boundary of one trench 2234. 

[0081] Referring to FIG. 26, linear trenches 2235 defining the lo- 
cations of word lines are formed in the STI layer 2230 us- 
ing the mask layer 2232 (FIG. 25) as a mask, so that all 
sidewalls of each pillar 2220 are exposed. After the mask 
layer 2232 is removed, a gate dielectric layer 2236 is 
formed on the exposed portions, i.e., all sidewalls, of each 
pillar 2220, thereby surrounding the pillar 2220. Word 
lines 2240 are then formed in the trenches 2235, wherein 
the top surface of each word line 2240 is lower than that 



of each pillar 2220. The word lines 2240 may be formed 
by depositing a conductive material over the substrate 
2200 to fill up the trenches 2235 and then etching back 
the conductive material to the predetermined level. Since 
all sidewalls of a pillar 2220 are exposed in a trench 
2235, the corresponding word line 2240 completely sur- 
rounds the pillar 2220 to form a surrounding gate 2250 
that is separated from the pillar 2220 by the gate dielec- 
tric layer 2236. 

[0082] Referring to FIG. 27, an insulating layer 2252 is formed to 
fill up the trenches 2235. The mask layer 2204 is then re- 
moved, and the portions of the STI layer 2230 and the in- 
sulating layer 2252 higher than the pillars 2220 are re- 
moved with chemical mechanical polishing (CMP), for ex- 
ample. A source/drain region 2260 is formed in the top 
portion of each pillar 2220 with a doping method, such 
as, ion implantation, thereby forming a multi-gate tran- 
sistor constituted of a buried strap 2210, a pillar 2220, a 
gate dielectric layer 2236, a surrounding gate 2250 and a 
source/drain region 2260. Thereafter, a bit line 2270 is 
formed over the substrate 2200 directly contacting with 
the source/drain regions 2260 and insulated from the 
word lines 2240 by the insulating layer 2252. 



[0083] According to the third embodiment of this invention, the 
width of the pillar can be made sufficiently small by con- 
trolling the position shift "AS" of active area definition rel- 
ative to the deep trenches. It is therefore possible to in- 
duce full depletion in the pillar in use of the DRAM device, 
so as to further improve the current switching capabil- 
ityand to eliminate the junction diode leakage. 

[0084] | t w j|| b e apparent to those skilled in the art that various 
modifications and variations can be made to the structure 
of the present invention without departing from the scope 
or spirit of the invention. In view of the foregoing, it is in- 
tended that the present invention covers modifications 
and variations of this invention provided they fall within 
the scope of the following claims and their equivalents. 



